In the mammalian and particularly the rodent olfactory found that glomeruli were tuned to detect particular bulb, insights into the behavior of groups of glomeruli molecular features and that maps of similar molecules have been inferred through the use of electrophysiology were highly correlated. These characterisitcs suggest 
Introduction and Jourdan, 1993) and have only recently been directly observed using functional magnetic resonance imaging Many mammalian species rely on the sense of smell for (fMRI) (Yang et al., 1998) . However, these techniques behaviors that are crucial for survival and reproduction.
do not have the spatial resolution to assess the reSome olfactory behaviors, such as tracking prey, avoidsponses of individual glomeruli to multiple odors or to ing predators, or locating a local food source require different concentrations of the same odor. Even the accurate assessment of changes in odor concentration most sophisticated maps based on 2-DG (Johnson et over space and time. Other behaviors, such as those al., 1998) can only define broadly different areas of actiinvolved in determining the palatability of a food source, vation by different odorants. rely on the ability to assess odor identity (Doty, 1986) .
To overcome these limitations, we adapted optical Even humans, who are generally not considered macimaging of intrinsic signals, which has been extensively rosmates (good smellers), can accomplish impressive used to decipher the functional architecture of the mamolfactory tasks (Vroon, 1994) Buck, 1990 ). We first demonstrate that odorants are repre-1996). Recent studies indicate that olfactory receptor sented by distributed patterns of activated glomeruli neurons express only a single type of the ‫-0001ف‬mem-that are bilaterally symmetric in the same animal and ber odorant receptor (OR) family (Buck and Axel, 1991 individual peaks, when measured at 50% of maximal activity from background, appeared as roughly circular In the initial set of experiments, we sought to determine whether optical imaging of intrinsic signals could detect regions ‫002-001ف‬ m in diameter ( Figures 1D-1F ). Clear patterns of glomerular-like activation were often seen responses to odorants in the rodent olfactory bulb. We exposed a restricted region of the dorsal surface of the after the first set of 10 s odor presentations. Some odorants, such as 100% amyl acetate, consistently activated rat olfactory bulb ‫5.1ف(‬ ϫ 3 mm), which contains ‫%01ف‬ of the 2400 or so glomeruli (based on an average glomera significant proportion of the imaged bulb ( Figures 1A  and 5A ). In other cases, the odorant produced only a ular diameter of 150 m; Meisami and Sendera, 1993). To obtain images of odorant activation patterns, anessingle activity peak ( Figures 1C and 1D) . A few stimuli in our set (such as apple juice) failed to activate any of thetized animals were given multiple 10 s presentations of an odorant, randomly interleaved with presentation the imaged region. These patterns were very consistent: although the overall quality of the images degraded of an odorless stimulus (mineral oil). Intrinsic signals were recorded from the olfactory bulb under red (630 somewhat over time, all activity peaks remained when an odorant was imaged at multiple time points up to 8 nm) illumination with a video camera. Differential activity maps were constructed by subtracting the averaged hr apart (data not shown). In all cases, signals emerged within 3 s of odor presentation and persisted throughout mineral oil response from the averaged odorant response.
the 10 s stimulus presentation. We did not observe differences in the time course of signals in different regions The responses of 36 olfactory bulbs (29 rats) to a variety of odorants were recorded, resulting in 282 odorof the bulb. Compared to optical images obtained from mammaant maps. Odorants used included single compounds such as isoamyl acetate and saturated aliphatic aldelian primary sensory cortex, the resolution of these images was remarkable. The activated regions were hydes with varying hydrocarbon chain length, as well as complex odor mixtures such as peanut butter. All extremely circumscribed, and features Ͻ100 m in diameter were readily detected. (Figures 1D-1F) . The sigodorants were presented either as pure compounds or were diluted in mineral oil.
nal rose abruptly from background noise in Ͻ30 m to easily detectable levels ( Figure 1F ). This extraordinary Presentation of many odorants elicited robust optical patterns of activity, which consisted of one or more resolution is probably due to the unique anatomy of the Grinvald, 1996) is at the center, where the glomerulus is the thickest), and assuming equal distribution of signal from an idealand since this depth corresponds to the glomerular layer of the olfactory bulb, we expected intrinsic signals to ized spherical glomerular volume (see Experimental Procedures), we would expect activity from a 150 m gloprimarily reflect patterns of active glomeruli. Indeed, based on their size, shape, and odor specificity alone, merulus to measure 130 m in diameter at 50% of peak activity. Thus, the measured size of activity peaks in it is difficult to imagine what other structure they could represent. Anatomical and physiological experiments imaged odor maps corresponds very closely to the expected size of signals originating from single glomeruli. support this contention. We first determined the size of To confirm that optically mapped active regions reflected the activation and specificity of underlying neurons, targeted extracellular single-unit recordings were made in mapped regions of the bulb. Odor-responsive neurons (both mitral/tufted [M/T] cells and a periglomerular/external tufted cell, as determined by recording depth) were excited by the odorant predicted on the basis of the optical signals, and not to any of the odorants that did not activate the targeted region (n ϭ 4 neurons in four rats). In one animal, for example, stimulation with 100% amyl acetate activated a region in the medial region of one bulb, while two other stimuli, 10% propionic acid and 100% (ϩ)-carvone, strongly activated nonoverlapping glomeruli more laterally. A targeted recording yielded an M/T cell that clearly responded selectively to amyl acetate (Figures 2A-2D) . In a second experiment, a recording targeted for a region of the bulb that responded selectively to peanut butter yielded a periglomerular or external tufted cell that was also selective for peanut butter ( Figures 2E-2H ) and showed no response to amyl acetate or other tested odorants. In about 50% of the targeted recordings, however, M/T cells were recorded that could not be reliably activated by any of the stimuli used. These cells may be inhibited by the anesthetic state, may be selective for odorants that were not tested, or may have weak responses below the noise level.
The size and shape of the activated regions, along with electrophysiological data, strongly argue that the To determine whether intrinsic signal patterns discompared the response maps of several individuals to a variety of odorants. Some strong odorants, such as played the same organization, both olfactory bulbs of seven rats were imaged in response to the same set of 100% amyl acetate, consistently activate large numbers of glomeruli over extensive regions, whose patterns varodorants (bulbs imaged simultaneously, n ϭ 3 animals; bulbs imaged sequentially, n ϭ 4 animals). Odorants ied considerably between animals (e.g., compare maps in Figures 1A and 5A ). However, the maps resulting from evoked clearly symmetrical responses in the bulb pairs. In some instances, it was possible to identify symmetristimulation with other odorants (e.g., propionic acid) showed considerable similarity. In all animals (15/15), cally located, activated glomeruli ( Figure 3A Individual glomeruli that were responsive to an odormolecularly dissimilar odorants frequently activated ant within the tested concentration range exhibited common glomeruli. For example, while amyl acetate marked differences in sensitivity ( Figure 5 ). While some (100%) and octanal (10%) activated many unique reglomeruli responded only at the very highest concentragions, a number of glomeruli were activated by both tions of odorant (e.g., glomerulus 3 in Figure 5B re-( Figure 4A ). Patterns activated by odorants sharing a sponded to 10%-100% amyl acetate), others were still distinct molecular feature, such as carbon chain length, activated, albeit weakly, at the lowest concentrations but differing in substituted group, also activated comtested (e.g., glomerulus 1 in Figure 5B responded to mon regions ( Figure 4B ). Finally, a pair of stereoisomers, 0.001% amyl acetate). Though individual glomeruli dif-(ϩ)-carvone and (Ϫ)-carvone, that have similar but disfered in their detection thresholds, their response tinguishable odors (described as caraway and spearcurves, when plotted on a log scale, were roughly "S" mint, respectively), activated a single common glomerushaped. Since the signal saturated, we could not predict lus in the imaged region ( Figure 4C) 6 ). We measured the response of each glomerulus to the ent animals are shown in Figures 6 and 7) , at concentrations of 1% (n ϭ 4) and 10% (n ϭ 1). In all cases, butanal eight aldehydes and expressed the level of glomerular activity in response to each odorant as a percentage of receptive ranges was insensitive to the cutoff used for judging whether a glomerulus was activated. For examthe maximal response (to the most efficacious odorant). The molecular receptive range for a glomerulus was ple, using criteria of 33%, 50%, and 67% of maximal glomerular activation, the percentage of glomeruli that defined as the set of odorants that evoked half-maximal or greater activity (analysis of four glomeruli is shown responded to multiple aldehydes and had consecutive molecular receptive ranges was 82% (28/34), 96% (23/ in Figure 6C ). Of the glomeruli analyzed, 41% (16) were activated by only one member of the aldehyde series 24), and 95% (19/20), respectively. These results are comparable to reported molecular ( Figure 6D ). The majority of the remaining 24 glomeruli had molecular receptive ranges of two or three odorants receptive ranges of M/T cells from the dorsomedial rabbit olfactory bulb (Imamura et al., 1992) . Of the M/T cells (9 glomeruli each). In all but one case (23/24), glomeruli that responded to more than one odorant were activated whose responses were recorded to the same homologous aldehyde series at comparable concentrations, by consecutive members of the aldehyde series. The finding that most glomeruli have consecutive molecular 35% (18/51) were excited by only one member of the
Relationship Between Odorant Structure and Map Similarity
Even from casual inspection, it was evident that the maps representing adjacent members of the aldehyde series were more similar to one another than maps of odorants that differed by Ͼ2 carbons (compare, e.g., the maps for C4 and C5 aldehydes to the maps for C7 and C8 in Figure 7A ). To quantitate this initial impression, we assessed the degree of similarity between maps for different aliphatic aldehydes in the same animal (see Experimental Procedures). First, for each glomerulus, a similarity matrix was formed by calculating the difference in glomerular activation (expressed again as a percentage of maximal activation) for each pair of odorants. We then calculated a composite similarity matrix by averaging the matrices for each glomerulus within a bulb. These composite matrices express the similarity between every pair of maps based on all the glomeruli activated by one or more odorants. The analysis confirmed our initial impression of the data: in the majority of cases, odorant representations were most similar to the activity maps of odorants that differed by a single carbon. In fact, far more odorant maps were most similar to maps of adjacent aldehydes than would be expected by chance (p Ͻ 0.001, 2 test). Conversely, no odorant maps were most different from maps of adjacent aldehydes. In all cases, the maps of shorter-chain aldehydes (Յ5 carbons) least resembled maps of aldehydes with Ն7 or more carbons, while the longer-chain aldehyde maps (Ն6 carbons) least resembled maps of aldehydes with 3 or 4 carbons. Together, these data indicate that odorant structure similarity is correlated to odorant map similarity, and that even a slight difference in structure activates a different pattern of glomeruli. , 1979) show that overall levels used with great success in the visual system, such as repeated imaging during development or following beof activity can differ between the bulbs in an individual animal, as appears to be the case in some of our rehavioral training, targeted injections of tracers to decipher intrinsic circuitry, and combining molecular markcordings (e.g., Figure 3A ). The absence of strict stereotypy and symmetry in the activity patterns could be due ers with functional maps. Given the great similarity between rat and mouse olfactory bulbs, it is highly likely to a number of factors, including inherited variability (e.g., OR expression levels, OR expression patterns, or that images of similar resolution can be obtained in both normal and genetically modified mice, which will assist receptor neuron projections), experience-dependent plasticity (e.g., Coopersmith and Leon, 1984; Leon, in correlating genotypic and functional alterations. 1992), or experimental variability (e.g., differences in anesthetic state, blockage of nasal canals, background Functional Anatomy Underlying Spatial odors, or the placement of the imaging window).
Discussion

Representations of Odors
The optically imaged patterns of activity in response Within the last decade, the cloning and analysis of roto changes in odorant concentration and structure that dent ORs has greatly increased understanding of how we visualized were consistent with odor representations the mammalian olfactory system is organized (Buck and visualized in rats using other techniques. Increases in Axel, 1991; reviewed by Mombaerts, 1999). These findodorant concentration result in larger regions of high ings provide a framework for understanding how the 2-DG uptake ( (Imamura et al., 1992) . These results imply a conservation in the evolution of discriminated than would be possible using a limited (though large) number of receptors alone (Buck, 1996) . the olfactory system, at least between rodents and lagomorphs.
It is also possible that the precise projections of receptor neurons to the olfactory bulb is important for the development and maintenance of the olfactory system, by Coding in the Olfactory System allowing a constantly regenerating population of recepInitially, olfactory information is encoded by the identity tor neurons to "plug in" to the correct neural circuit. of receptor neurons that express ORs with an affinity
The location or identity of active neurons or glomeruli for the odorant. This code is combinatorial: a receptor is not the only information available to make determinaneuron can respond to many odorants (Gesteland, 1965;  tions These experiments suggest that odor perception reSince different odorants evoke spatially distinct activlies on both spatial and temporal patterns of activity, ity patterns in the olfactory bulb, it has been hypotheparticularly for discriminating related odorants. In our sized that higher-order brain regions use this spatial experiments, however, it was possible to discriminate information to discriminate and identify odors. This spavery similar odorants based solely on the pattern of tial coding hypothesis has been tested behaviorally, but active glomeruli, despite the fact that we recorded from has not yet received any direct supporting evidence a relatively small percentage of the bulb surface. In one (Slotnick, 1990; Holley, 1991) by temporal rather than spatial activity patterns. Of somedial bulb, which includes the major region acticourse, both spatial and temporal information may be vated by propionic acid, had no effect on the detection, used for odor discrimination, a possibility that awaits discrimination, sensitivity, or recognition of propionic experimental investigation. acid Lu and Slotnick, 1994) . However, this type of bulb lesion spares propionic acidresponsive glomeruli (Guthrie et al., 1995) . Despite the Conclusions Odorants evoke patterns of activity in the rat olfactory robustness of the system, it is possible that the lesions did in fact cause subtle deficits in perception that could bulb that are consistent with studies of rodent ORs and studies of spatial activity patterns in the olfactory bulb not be detected by the behavioral assays that were used. These studies imply that while discrete regions of that relied on other techniques. We have demonstrated that similarity in odorant concentration and structure are the bulb may contribute to the perception of specific odors, they are not necessary. on the glomerular surface, with the greatest amount of activity in the center since the glomerulus is thickest at this point. At halfmaximal activity, the width of this projected glomerular activity (x) Experimental Procedures would be ‫668.0ف‬ ϫ diameter (x 2 ϭ 1 2 -0.5 2 ), which is ‫031ف‬ m for a glomerulus 150 m in diameter.
Animal Preparation
To quantitate the degree of similarity between maps for different Experiments were performed on 29 female Long Evans rats between aliphatic aldehydes in the same animal, we first constructed a simipostnatal days 50 and 102. Rats were initially anesthetized with a larity matrix for each glomerulus. This was accomplished by calcumixture of ketamine (80 mg/kg i.p.) and xylazine (10 mg/kg i.p.). In lating the difference in glomerular activation (expressed again as a initial experiments (n ϭ 13), a double tracheotomy was performed, percentage of maximal activation) for each pair of odorants. For and rats were artificially ventilated while anesthetic state was mainexample, if propanal activated a glomerulus maximally (100%), and tained with isofluorane (1%-3%). In these experiments, stimulus the response to butanal was 70% of the maximal response, the delivery was controlled by periodic application of negative pressure difference between the two odorants for this glomerulus was 30%. to the tracheotomy tube leading to the nasal cavity, to draw odorous This calculation was repeated for every possible pair of odorants, air into the nose. The remainder of the rats were allowed to breathe yielding a similarity matrix for each glomerulus. We then calculated freely, and intraoperative anesthesia was maintained with thiopental a composite similarity matrix by averaging the matrices for each (15-20 mg/kg i.p.). Similar results were obtained with both preparaglomerulus within an animal. These composite matrices express the tions. similarity between every pair of maps based on all the glomeruli Once anesthetized, rats were placed in a stereotaxic apparatus, activated by one or more odorants. In these matrices, large scores and the bone overlying the dorsal surface of one or both olfactory represent large differences in how two odorants activated the set bulbs ‫3ف(‬ mm anteroposterior ϫ 1.5 mm mediolateral) was removed of glomeruli analyzed. or thinned. The use of a closed imaging chamber was difficult due to the limited width of the skull overlying the olfactory bulbs. However, brain pulsation was very limited or nonexistent, due to the Electrophysiology intact dura (and thinned bone in some cases) and the relatively small Following four imaging experiments, 2-10 M⍀ tungsten electrodes size of the craniotomy. Therefore, open chambers using coverglass were used to record neurons in imaged regions of the olfactory and bone wax were constructed and filled with saline for imaging.
bulb. Electrode penetrations were targeted toward regions of the bulb that were selectively activated by one of the imaged odorants. Odorant delivery was performed as described in the previous secIntrinsic Signal Imaging tion. Data were digitized and recorded at a rate of 30 kHz and Intrinsic signals were recorded using a commercially available imthen analyzed using Spike2 software (Cambridge Electronic Design aging system (Imager 2001 system, Optical Imaging). Prior to each Limited). experiment, the surface blood vessel pattern under green illumination (546 nm) was acquired using a video camera. Stimuli were delivered by placing a test tube filled with 1 ml of an odorant (Sigma
